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ABSTRACT 
The risk of lung cancer mortality up to 75 years of age due to radon exposure has been 
estimated for both male and female continuing, ex- and never-smokers, based on 
various radon risk models and exposure scenarios.  We used risk models derived from 
(i) the BEIR VI analysis of cohorts of radon-exposed miners, (ii) cohort and nested 
case-control analyses of a European cohort of uranium miners and (iii) the joint 
analysis of European residential radon case-control studies.  Estimates of the lifetime 
lung cancer risk due to radon varied between these models by just over a factor of 2 
and risk estimates based on models from analyses of European uranium miners 
exposed at comparatively low rates and of people exposed to radon in homes were 
broadly compatible.  For a given smoking category, there was not much difference in 
lifetime lung cancer risk between males and females. The estimated lifetime risk of 
radon-induced lung cancer for exposure to a concentration of 200 Bq m
-3
 was in the 
range 2.98%-6.55% for male continuing smokers and 0.19%-0.42% for male never-
smokers, depending on the model used and assuming a multiplicative relationship for 
the joint effect of radon and smoking. Stopping smoking at age 50 years decreases the 
lifetime risk due to radon by around a half relative to continuing smoking, but the risk 
for ex-smokers remains about a factor of 5-7 higher than that for never-smokers.  
Under a sub-multiplicative model for the joint effect of radon and smoking, the 
lifetime risk of radon-induced lung cancer was still estimated to be substantially 
higher for continuing smokers than for never smokers. Radon mitigation - used to 
reduce radon concentrations at homes - can also have a substantial impact on lung 
cancer risk, even for persons in their 50s; for each of continuing smokers, ex-smokers 
and never-smokers, radon mitigation at age 50 would lower the lifetime risk of radon-
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induced lung cancer by about one-third. To maximise risk reductions, smokers in 
high-radon homes should both stop smoking and remediate their homes.   
 
Introduction 
The International Agency for Research on Cancer [1] has declared radon to be a cause 
of lung cancer in humans, based on the results of experimental and epidemiological 
studies. Studies of underground miners exposed to radon [2] and studies of persons 
exposed to radon in homes [3-6] have shown that radon is a major cause of lung 
cancer.  In addition, a recent joint analysis of cohorts of uranium miners from three 
European countries (the Czech Republic, France and Germany) and a nested case-
control study within these cohorts - both conducted under the European Commission 
(EC)-supported Alpha-Risk project - allow examination of the risks of radon-induced 
lung cancer based on accurate radon measurements and also allow examination of the 
modifying effect of smoking [7-9].   The results from these new studies of miner data 
are in agreement with those from the international miner studies [2] and also from a 
joint analysis of European residential radon studies [4].  All of these studies have also 
demonstrated that the evidence for this raised risk is particularly strong among 
smokers, although a raised risk has also been seen among never-smokers.  
The aim of this paper is to estimate the lifetime risk of lung cancer mortality 
associated with radon exposure, based on various models derived from studies of 
occupational and residential radon exposure and on various exposure scenarios.  In 
particular, we examine the impact of lung cancer risk of mitigation measures to 
reduce radon levels, especially in homes with high radon concentrations.  
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Furthermore, we also consider the effect of smoking - the major cause of lung cancer - 
on estimates of radon-induced lung cancer risk.  
 
Materials and Methods 
Radon Risk Models 
Various radon risk models are considered from epidemiological studies of radon-
exposed miners and people exposed to radon at home. The lung cancer risk models 
from the miner studies were based on male workers occupationally exposed to radon, 
whereas the risk model based on residential radon studies was based on populations 
including both males and females.  The analyses considered are: the BEIR VI joint 
analysis of 11 cohort studies of radon-exposed miners [2]; the joint analysis of three 
European cohorts of uranium miners, in the Czech Republic, France and Germany [7]; 
the joint analysis of three case-control studies nested within the European miner 
cohorts [8, 9]; and the joint analysis of 13 European residential radon studies [4].  
These analyses and the associated radon risk models are briefly summarised here.   
1. BEIR VI model: 
The BEIR VI Committee analysed a pooled data set from 11 cohort studies of radon-
exposed miners in China, Canada, Europe, USA and Australia [2].  The analysis 
included more than 2,620 lung cancer deaths among 60,570 exposed miners followed 
for nearly 1.2 million person years.  The Committee derived two models to assess the 
risk of radon-induced lung cancer, based on either duration of exposure (exposure-
age-duration, EAD model) or the average radon concentration (Exposure-Age-
Concentration, EAC model).  Under both models, the baseline risk was stratified by 
miner cohort, age group, other occupational exposures and ethnicity. Also, under both 
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models, radon exposure has a multiplicative effect on the baseline rate of lung cancer 
and the excess relative risk (ERR, i.e. the relative risk minus 1) decreases with 
increasing time since exposure and increasing attained age. In addition, both models 
consider various exposure time intervals prior to lung cancer death; the cumulative 
radon exposure w, was defined using three exposure time windows, that is w = w5-14 + 
w15-24+w25+, corresponding to exposures received 5-14, 15-24 and 25 years or more 
prior to the attained age respectively (i.e. w5-14, refers to the mean exposure 
accumulated in the period between 5 years prior to attained age and 14 years prior to 
attained age).   These models do not include an adjustment for smoking [2].  The EAC 
model is considered here because – relative to the EAD model - it allows easier 
comparison with findings from studies of residential radon.  Since exposure rates in 
homes (less than 0.5 Working Levels, WL) are lower than those in mines, the 
coefficient for exposure rate in the EAC model is equated to 1.  The following 
simplified EAC model is considered here; the parameter values in Eq.1 are taken from 
BEIR VI (2) and expressed as: 
 
ERR = β (w5-14 + 0.78w15-24 +0.51 w25+) θage  λz                                                 (1) 
 
where β is the slope of the exposure-risk relationship (β = 0.0768); w5-14, w15-24 and 
w25+ represent cumulative radon exposures (expressed in Working Level Months 
(WLM)) received during time windows 5-14 years, 15-24 years and 25+ years or 
more prior to the attained age, respectively, θage is the attained age-related 
modification factor (categorised as:  θage <55 =1; θage 55-64 =0.57; θage 65-74 =0.29; θage 75+ 
=0.09) and λz represents the effect of exposure rate (λz=1). Under this model, 
exposures received during the previous 5 years are assumed not to increase the risk of 
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lung cancer.  Furthermore, the modelling took account of the temporal pattern of 
exposures, rather than simply when they started and when they ended.  Here, as in the 
other models described below, the ERR was assumed to be the same for males and 
females. 
 
2. Joint European miner cohort model: 
A joint analysis of cohort studies of uranium miners in the Czech Republic, France 
and Germany was conducted under the EC-supported Alpha-Risk project and is 
described in detail elsewhere [7].  The combined analysis from three European 
countries included 1,543 lung cancer deaths among 50,149 uranium miners exposed to 
relatively low levels of radon and followed for nearly 1.3 million person years during 
1946-1999.   
The joint European cohort analysis reported a strong modifying effect on the ERR of 
time since exposure, attained age and exposure rate, in agreement with the BEIR VI 
analysis.  Risk modelling of the European miner cohort data used a similar approach 
to the BEIR VI-style EAC model, with some modifications.  In particular, the 
European cohort analysis allows for 5 rather than 4 attained age categories and 
different time since exposure windows, namely 5-19, 20-34 and 35+ years.  In 
addition, the ERR in the European miners’ cohort model was adjusted for calendar 
year, birth year and study through stratification of the baseline rates.  As in BEIR VI, 
the exposure rate in the EAC type model is also equated to 1 for the European cohort 
model and the model is expressed as: 
 
          ERR = β (w5-19 + 0.42w20-34 +0.14 w35+ ) θage                                (2) 
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where  β = 0.052; w is the exposure during various time windows prior to the attained 
age (expressed in WLM) with modification by attained age; θage <45 =1; θage  45-54 =0.66 
; θage 55-64 =0.39; θage 65-74 =0.33; and θage 75+ =0.49. 
Data on smoking were not available for the full miner cohorts.  Hence, smoking was 
not incorporated into this risk model.  Further details of this model and its 
implementation are presented elsewhere [7]. 
3. Joint European miner nested case-control model:  
Case-control studies nested within the three European cohorts of uranium miners were 
conducted in order to investigate the joint association of radon and smoking.  The 
European miner nested case-control data included a total of 1,476 lung cancer cases 
and 3,389 controls with smoking information.  More details of the data can be found 
elsewhere [8, 9]. 
A modified version of the BEIR VI-EAC model with additional adjustment for 
smoking was applied to these data unrestricted by the range of exposures [8, 9].  It 
was concluded that the ERR decreased with increasing time since exposure and 
attained age, but there was no statistically significant effect for exposure rate.  The 
model used here is similar to that model given by Hunter et al [9] and the model 
parameters are based on two time since exposure windows, namely 5-24 and 25+ 
years, rather than three because the ERR/WLM estimates for exposures 5-14 and 15-
24 y previously are similar [8, 9].  This model also includes an effect of attained age, 
because Hunter et al found that the ERR/WLM decreased significantly with 
increasing attained age [9].  Thus, the risk model is expressed here as model 1: 
                     
   ERR = β (w5-24 + 0.12 w25+) θage                                   (3a) 
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where β = 0.041; θage <55 =1; θage  55-64 =0.93; θage 65-74 =0.32; θage 75+ =0.66. 
An alternative model based on these data is also considered here: namely, a constant 
linear ERR model with modifying effects of time since first exposure.  Further details 
of the derivation of this model – referred to here as model 2 – are presented elsewhere 
(9); it is defined as follows:   
 
                                 ERR = β w [exp α (tsfx-30)]                                     (3b) 
 
where w is the total cumulative exposure ( w= w5-24 + 0.12 w25+), α is the parameter 
associated with the effect of time since first exposure (tsfx), expressed in years, and 
the parameter coefficients are β = 0.013, α= -0.078. This model was also derived 
using data unrestricted by the range of exposures. Equation (3b) is a simplified 
version of the model derived by Hunter et al [9]; specifically, it does not take account 
of the modifying factor of exposure rate because residential radon exposure rates 
would normally be below 0.1 WL, which is equivalent to 800 Bq/m
-3
.  Results from 
analysing the joint effects of radon and smoking showed that the ERR was higher 
among never-smokers than among current smokers, although these differences were 
not statistically significant [8, 9].  Thus, there is some evidence that radon and 
smoking have a sub-multiplicative effect on lung cancer risk, as in the BEIR VI 
analysis [2].  Consequently, both a multiplicative model and a sub-multiplicative 
model for the effects of smoking and radon are used here in the risk calculations based 
on the European nested case-control miner data (Eq.3b).  Under a multiplicative 
model, the same ERR is applied to smokers and non-smokers.  Under a sub-
multiplicative model, the ERR coefficient β in equation 3b is multiplied by a factor of 
1.5 for non-smokers, so giving a value of 0.026. Since the overall estimate ignoring 
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smoking status is the same as the estimate for current smokers, no adjustment factor is 
applied for current smokers.  However, as a sensitivity check, we multiplied the value 
of β in equation 3b by 0.75 for current smokers to assess how the lifetime calculations 
may change.  Because of the limitations of the information on smoking from the 
miner case-control analysis, no adjustment factor is applied for ex-smokers.  
4. Joint European residential radon model: 
The joint analysis of 13 case-control studies of residential radon and lung cancer in 
nine European countries included a total of 7,148 subjects with lung cancer and 
14,208 subjects without lung cancer (controls), with detailed smoking histories for all 
subjects [3, 4].  The analysis focused on the mean radon concentration in homes 
occupied during the period 5-34 years prior to diagnosis of the lung cancer.  The 
authors of this analysis found no evidence of the ERR differing according to age and 
defined the relation between residential radon exposure and lung cancer using a 
simple linear model: 
 
ERR = β x Radon                                         (4) 
 
where β is the slope of the exposure-risk relationship and Radon is the mean radon 
concentration in the homes (expressed as Bq m
-3
) during the previous 5-34 years.  
After correction for random uncertainties in measurements of radon concentrations, 
the estimated ERR of lung cancer per 100 Bq m
-3
 was 0.16 (95% CI: 0.05–0.31).  
There was no evidence that the ERR depended on the smoking status, although the 
point estimate of the ERR was greater for ex-smokers and non-smokers than for 
current smokers [4].  Based on a constant value for the ERR across smoking 
categories, the excess absolute risk of lung cancer due to radon was much greater 
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among current and recent ex-smokers than among lifelong non-smokers [3, 4].  Also, 
since the joint analysis of European residential studies found no significant difference 
in the ERR between males and females [4], the same value for the ERR has been 
applied to gender-specific baseline rates. 
Equating the Units of Exposure from Miners and Residential Studies 
Findings from epidemiological studies of miners are generally expressed in terms of 
cumulative exposure in WLM.  However, studies of radon exposure in homes are 
generally based on time-weighted average radon concentrations in Bq m
-3
.  In order to 
equate these exposure measures, it has been assumed here that on average people 
spend 7000 hours at home per year and that the equilibrium factor for radon in homes 
is 0.4.  Taken together with the estimated average residential radon concentration of 
20 Bq m
-3 
in the UK, the corresponding average exposure rate in terms of WLM per 
year is:  
 
0.09 WLM/y = (20 Bq m
-3
) x (7000 hours) x (0.4) x (1.57 10
-6
 WLM)       (5) 
 
Further details of this conversion are explained in detail elsewhere [9].  Thus 30 
years’ exposure in a home with a residential concentration of 100 Bq m-3 equates to a 
cumulative exposure of 13.2 WLM [9].  Using this conversion factor, the ERR per 
100 Bq m
-3
 of 0.16 from the joint European residential analysis corresponds to an 
ERR of 0.16/13.2=0.012 per WLM. Thus the model used here is as follows:  
 
ERR = 0.012 x Radon5-34    (6) 
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where Radon5-34 is the cumulative exposure in the preceding 5-34 years, expressed in 
WLM. 
Implicit in this model is the idea that the exposure in any year during the preceding 5-
34 years has the same effect on the ERR.  To allow for the possibility that exposures 
in more recent years carry more weight than more distant exposures, an alternative 
approach was also considered, under which the relevant exposure period was taken to 
be the previous 5-24 years.  In this instance, 100 Bq m
-3
 can be equated to 0.667x13.2 
= 8.8 WLM and the ERR per 100 Bq m
-3
 of 0.16 from the joint European residential 
analysis corresponds to an ERR of 0.16/8.8 = 0.018 per WLM, i.e. 
 
ERR = 0.018 x Radon5-24     (7) 
Measures of Lifetime Risk 
Several measures have been developed to quantify the risk over a lifetime that an 
individual will develop or die from a specific disease caused by an exposure.  These 
measures include the excess lifetime risk (ELR), the risk of exposure-induced death 
(REID), loss of life expectancy (LLE) if death occurs and lifetime-attributable risk 
(LAR), i.e. the fraction of exposure-induced deaths in the population.  More 
information about these measures can be found in elsewhere [10, 11].  Although all 
these measures have some benefit in risk assessment, the risk of exposure-induced 
death (REID) is the most commonly preferred quantity for radiation risk assessment 
and has been used by several scientific committees [12-16]. REID represents the 
lifetime risk that an individual (classified by, say,  age group, gender or smoking 
status) in the population will die from a cancer caused by his or her radiation 
exposure, irrespective of whether that person might have died subsequently from the 
same cause at a later time.  This is calculated from a life table, based on the difference 
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between the cause-specific death rates for exposed and unexposed general populations 
of a given gender and a given age at exposure.  REID was used here to estimate 
lifetime risks for lung cancer associated with radon exposure (see Appendix for a 
more detailed explanation).   
The calculation of REID depends on the choice of the baseline gender-age specific 
lung cancer and all causes mortality rates.  Since the lung cancer deaths are strongly 
dependent on smoking, it is desirable to use information on mortality rates for lung 
cancer and all causes among current smokers, ex-smokers and never-smokers by age 
categories and gender.  However, this information is limited for many countries, 
including those in Europe.  Consequently, the calculations presented here have been 
performed using data from the USA in 2004 on lung cancer and all-cause mortality 
rates (expressed as the risk of death in the following 10 years), given separately for 
current, ex- and never-smokers and also for males and females within 5-year age 
intervals [17].  We have also used information on smoking status among adults in the 
USA  in 1993 [18]; specifically, 57.7% of females and 41.3% of males were never 
smokers, 19.5% of females and 30.3% of adult males were ex-smokers and 22.8% of 
females and 28.4% of males were smokers.  The ERR from various models defined 
previously were then incorporated into the life table calculations described in the 
Appendix, in order to estimate lifetime lung cancer risks from radon exposure.  
 Exposure scenarios 
People living in homes with high radon levels often carry out remedial action.  Hence, 
as well as investigating the lung cancer risks predicted as a consequence of constant 
radon exposures, it is important to investigate the impact of reductions in radon 
exposures.  Specifically, we have investigated scenarios under which mitigation 
occurs when an individual is aged either 50 or 60 years, the radon concentration in the 
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home prior to mitigation was 200, 400 or 600 Bq m
-3
, and the radon concentration 
after mitigation is 100 Bq m
-3
.  
Results  
Lifetime risk calculations for various radon risk models 
Table 1 shows estimates of REID for a European population. These calculations are 
based on exposure from age 30 years up to 75 years to a constant radon concentration 
of 20, 50, 80, 200, 400 or 600 Bq m
-3
 and using various risk models as defined 
previously.  Those concentrations equate to annual exposures of 0.09, 0.22, 0.35, 0.88, 
1.76 and 2.64 WLM/y respectively using the conversion factors described in equation 
5.  Risks are presented separately for males and females, and for continuing smokers, 
never-smokers and persons who stopped smoking at age 50 years.   
A multiplicative joint association for radon exposure and gender was assumed in 
Table 1.  Since the baseline lung cancer rates for females are only slightly lower than 
those for males in the case of continuing smokers and ex-smokers and slightly higher 
in the case of never-smokers, the estimates of REID do not differ greatly between 
males and females (Table 1). 
The lifetime risk of radon induced lung cancer death by age 75 years for a male never-
smoker, assuming that this individual has lived from age 30 years in a home with a 
radon concentration of 50 Bq m
-3
 (the European long-term average), is estimated to be 
in the range 0.05% to 0.11%, according to the risk model used.  These estimates rise 
to 0.19% - 0.42% for male never-smokers in homes with a radon concentration of 200 
Bq m
-3
 and to 0.39% - 0.85% at 400 Bq m
-3
 (Table 1).  For a male continuing smoker, 
the lifetime risk based on residence from age 30 in a home with a radon concentration 
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of 50 Bq m
-3
 is estimated to be in the range 0.76% to 1.70% and rises to 2.98% - 
6.55% at 200 Bq m
-3
 and to 5.82% - 12.5% at 400 Bq m
-3
.  For a male who stopped 
smoking at age 50 years, the lifetime risk of radon-related lung cancer death is around 
half of that for a male continuing smoker with the same radon exposure, but is 
considerably higher than the corresponding risk for a male never-smoker, irrespective 
of the risk model used.  Similar patterns are seen in females (Table 1 and Figure 1).  
By way of comparison, the estimated baseline lifetime risk of lung cancer death by 
age 75 years old is 1.1% for male and 0.85% for female smokers; 0.51% for male and 
0.40% for female ex-smokers; and 0.07% for male and 0.09% for female never-
smokers. 
Considering the various risk models used, REID is consistently highest for the BEIR 
VI EAC model and lowest for the model based on the European residential analysis 
and for model 2 from the European nested case-control miner analysis. 
The results in Table 1 are based on radon concentrations in homes occupied during 
previous 5-34 years, using the model described in Equation 6.  If the relevant 
exposure period were taken to be the previous 5-24 years, as modelled by Equation 7, 
then the values for REID are around 10% higher than the corresponding values in 
Table 1 (results not shown).   
Sensitivity analysis for multiplicative and sub-multiplicative interaction between 
radon and smoking under a European nested case-control miner model  
Using model 2 from the European nested case-control miner analysis (Eq. 3b), Table 
2 shows estimates of REID in both male and female continuing smokers and never-
smokers, based on multiplicative and sub-multiplicative models for the joint effect of 
radon and exposure and smoking.  The estimates under a sub-multiplicative model for 
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the joint effects of radon and smoking are smaller for continuing smokers and larger 
for never-smokers than the corresponding estimates under a multiplicative model.  
However, even under a sub-multiplicative model, REID is substantially higher for 
continuing smokers than for never-smokers (Table 2), reflecting the much higher 
baseline lung cancer risk in the former group.  For example, the REID for a male 
continuing smoker in a home with a radon concentration of 100 Bq m
-3
 is about 14 
times higher than that for a male never-smoker under a multiplicative model and is 
about 8 times higher under a sub-multiplicative model.  The corresponding ratios for 
females are 10 and 5 respectively.  The same ratios also apply to other radon 
concentrations, at least approximately, due to the linearity of ERR with exposure.  
Investigation of exposure scenarios using various radon risk models 
Tables 3 and 4 present estimates of REID, both with and without radon mitigation at 
either age 50 years or age 60 years.  As before, there is not much difference between 
males and females in the REID estimates, either with or without radon mitigation. For 
a male continuing smoker living in a home with a radon concentration of 200, 400 or 
600 Bq m
-3
, doing nothing translates into an estimated REID of 2.98%, 5.82% or 
8.53% respectively, based on the model derived from the European residential 
analysis.  However, mitigating for radon at age 50 years while continuing to smoke 
reduces this lifetime risk by nearly 20% (to 2.40%) for an initial concentration of 200 
Bq m
-3
, by 30% (to 4.15%) for 400 Bq m
-3
 and by 30% (to 5.86%) for 600 Bq m-3 
(Table 3).  The corresponding reductions in REID based on mitigating for radon at 
age 60 rather than age 50 are smaller, namely by nearly 6% (to 2.81) for 200 Bq m
-3
, 
by 10% (to 5.33%) for 400 Bq m
-3
 and by 10% (to 7.75%) for 600 Bq m
-3
.  The 
percentage reductions in REID for never smokers are generally similar to those for 
continuing smokers.  
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Combining radon mitigation and quitting smoking, both at age 50, reduces the 
lifetime risk relative to continuing smoking and not undertaking radon remediation by 
nearly 60% (to 1.09%) for an initial concentration of 200 Bq m
-3
, by 70% (to 1.90%) 
for 400 Bq m
-3
 and by 70% (to 2.69%) for 600 Bq m
-3
, using the model derived from 
the European residential analysis.  The corresponding reductions in the lifetime risk 
based on mitigating for radon at age 60 (rather than age 50) and stopping smoking at 
age 50 are slightly smaller, namely by nearly 60% (to 1.29%) for 200 Bq m
-3
, by 60% 
(to 2.47%) for 400 Bq m
-3
 and by 60% (to 3.63%) for 600 Bq m
-3
 (Table 3).  Whilst 
the absolute values for the lifetime risk vary to some degree between risk models, the 
percentage reductions associated with radon mitigation or stopping smoking do not 
vary greatly according to the model used. 
Discussion 
Lung cancer is the most common cause of death from cancer among men and the third 
most common cause among women in Europe; specifically, it is responsible for nearly 
26% of all male cancer deaths and 13% of all female cancer deaths [19].  The lifetime 
risk estimates presented here provide a common means of comparing estimates of 
radon-induced risks based on various published exposure-response risk models 
derived from the cohort and case-control of miners and residential case-control studies 
in the general population.  The risk of exposure-induced death (REID) has been 
calculated here to evaluate the lifetime risk up to 75 years only. This decision has 
been influenced by issues with death certification at older ages and, to some extent, by 
limitations on the availability of information on mortality rates for smoking-specific 
groups (although there is a 75+ group in the Woloshin paper [17]).  Furthermore, the 
BEIR VI calculations were also based on ages <75 years [2].   
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Lifetime risk estimates for lung cancer arising from radon exposure have been 
reported previously for populations within Europe (such as the UK, France and 
Germany), USA, Canada, and combined Euro-American and Asian populations [12, 
14, 20-24].  These estimates differ from those presented here in several aspects. First, 
most of the previous assessments were based on BEIR VI risk models developed 
using studies of miners [2] or on risks estimated from the European joint analysis of 
residential case-control studies [3,4].  In contrast, the present calculations are based on 
not only these models, but also on models derived from recently published combined 
analyses of European uranium miner cohorts and case-control studies nested within 
these cohorts.  Second, the present assessment focused on REID from radon, rather 
than the excess lifetime risk (ELR).  Vaeth and Pierce [10] have discussed special 
cases where ELR is ill-defined and suggested that REID is the preferred quantity for 
assessing radiation-induced risks.  Third, the present analysis used baseline rates for 
all-cause and lung cancer mortality from the US, while other studies used mortality 
rates for combined Euro-American and Asian populations [22], Switzerland and 
Germany [21] and Canada [24].  Baseline lung cancer rates differ considerably 
between countries [19, 25].  Under ERR models of the type considered here, these 
differences can be expected to be reflected proportionally in the estimates of radon- 
attributable lung cancers.  Fourth, the lifetime risks presented here are based on age 
and gender-specific rates calculated separately for continuing smokers, ex-smokers 
and never-smokers.  In contrast, previous studies have considered ever-smokers and 
never-smokers or both ever- and never-smokers combined [14, 20-24].   
The ratio of the lifetime risks among continuing smokers and never smokers reported 
here (i.e. 8-10 for females and 15-16 for males) is smaller than that reported in the 
European residential analysis (i.e. about 24 for females and males combined [4]).  
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This is because the residential analysis did not adjust for the effects of competing 
causes of death and also because of the differences in the smoking-specific baseline 
rates used.  Furthermore, the US Environmental Protection Agency (EPA) reported a 
ratio of about 5 for females and 6 for males using a modified version of the BEIR VI 
risk model [14].  This is somewhat smaller than the ratio based on the BEIR VI model 
used here (i.e. 16).  This difference in the ratio can be explained by the choice of 
model i.e. EPA’s use of  a modified BEIR VI risk model, as well as the groups that 
are being compared, i.e. ever (rather than continuing) smokers versus never smokers.   
Choice of risk model   
For a given exposure scenario, smoking status and gender, the estimated lifetime risk 
of radon-induced lung cancer varies between risk models by around a factor of just 
over 2.  The model based on the combined analysis of European residential radon 
studies provides the lowest risk estimates, while the BEIR VI-EAC model from the 
joint analysis of 11 international cohorts of miners gives the highest risk estimates.  
The lifetime risk estimates based on the European cohort and nested case-control 
miner models fall between these values.  However, model 2 (Eq.3b) based on the 
European nested case-control miner analysis gives values for REID only slightly 
greater than those from  the model based on the European residential analysis.  The 
differences in REID between models may reflect, at least in part, differences between 
miner and residential populations in patterns of exposure by time and age.  In 
particular, unlike the model based on the European residential analysis, the ERRs 
under the models based on data for miners vary with time since exposure and attained 
age.  
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It is beyond the scope of this work to calculate quantitative estimates of uncertainty in 
the REID estimates presented here.  The REID estimates are subject to considerable 
uncertainty and the various sources of uncertainties in risk estimates have been 
addressed elsewhere [11, 14].  For example, the age and time-constant ERR model 
based on the joint analysis of European residential radon case-control studies contrasts 
with the ERR model involving age and time since exposure windows, based on miner 
data.  Furthermore, the parameter estimates in these models also have uncertainties, 
which will disseminate through the models and affect the overall uncertainty.  Other 
sources of uncertainty include the potential for unmeasured confounding and the 
impact of modifying factors.   
Joint effect of smoking and radon  
Cigarette smoking is the leading cause of lung cancer, accounting for approximately 
90% of lung cancer cases in Europe and other countries where cigarette smoking is 
common [26, 27].  Hence, it is important to consider how smoking might modify risks 
due to radon.  Information on smoking from the studies of miners is more limited than 
that from the residential radon studies.  In both occupational and residential analyses, 
the point estimates of the ERR for radon were higher in non-smokers than smokers, 
but these differences were not statistically significant [1, 3, 8, 9].  Consequently, we 
examined both multiplicative and sub-multiplicative models for the joint effect of 
smoking and radon here.  Whilst the magnitude of the relative risks differed between 
the miner and residential analyses, the overall patterns in radon risk were generally 
similar in both instances. 
For a given smoking category, there is not much difference in REID between males 
and females.  This is because the smoking-category specific baseline rates in the US 
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do not differ between males and females.  Under a multiplicative relationship for the 
joint effect of radon exposure and smoking, the lifetime risk of radon-induced lung 
cancer is substantially higher for continuing smokers than for never-smokers, by a 
factor of around 9-16 depending on the risk model.  Quitting smoking at age 50 years 
would decrease the lifetime risk by around a half compared to that for continuing 
smokers with the same radon exposure, but the risk for ex-smokers would remain 
about a factor of 5-7 higher than that for never-smokers.  
Under a sub-multiplicative model for the joint effect of smoking and radon, the 
lifetime risk due to radon is slightly smaller for continuing smokers and larger for 
never-smokers compared to the corresponding estimates based on a multiplicative 
model.  Nevertheless, under a sub-multiplicative model, the lifetime risk of radon-
induced lung cancer is still substantially higher (by a factor of around 5-7) for 
continuing smokers than for never-smokers. This is because smokers have much 
higher rates of lung cancer than non-smokers in the absence of radon exposure. 
Effect of radon mitigation  
Consideration of alternative exposure scenarios indicates that, even for persons in 
their 50s, radon mitigation of their homes could have a notable impact on their 
lifetime risk of radon-induced lung cancer mortality. In particular, for each of 
continuing smokers, ex-smokers and never-smokers, radon mitigation at age 50 would 
lower the lifetime risk of radon-induced lung cancer by about one-third. The impact of 
radon mitigation at age 60 years is smaller, namely a reduction in REID of around 
10%. Clearly, stopping smoking has a considerable impact in reducing lung cancer 
risks.  Nevertheless - among continuing smokers, ex-smokers and never-smokers - 
measures to reduce radon exposure can also be important in reducing these risks.  For 
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example, both undertaking radon mitigation and quitting smoking at age 50 reduces 
REID by around 60-70%, compared to no mitigation and continued smoking.  Thus, 
to minimise their risk of lung cancer, smokers in high-radon homes should both quit 
smoking and remediate their home.  These findings accord with those from a study in 
Canada which also suggest that remediation can prevent radon-attributable lung 
cancer deaths [23].  
 
Future perspectives 
Baseline lung cancer rates differ considerably between countries, reflecting 
international variation in smoking patterns.  These patterns are continuously changing 
and these changes will influence the future risks related to radon exposure (although 
smoking rates in Europe in 2012 [28] are similar to the USA 1993 smoking rates used 
here).  Hence, extending these calculations would require additional information or 
simplifying assumptions about changes over time in the proportions of continuing, ex- 
and never-smokers, as well as the associated impact on lung cancer and all-cause 
mortality rates both males and females.  Such calculations would be valuable in 
assessing how risks vary according to the different exposure distributions in different 
countries.  However, it is not clear whether such information will be become available 
in the near future.  
APPENDIX 
Risk of exposure-induced death (REID) 
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The risk of exposure induced death is the cumulative probability that an individual in 
the population will die from a lung cancer as a consequence of annual radon exposure 
received from age a to age 75 years is calculated as follows: 
 
REID (s, a, D) = ∫ [𝜇𝑐
74
𝑎
 (s, t | a, D) – 𝜇c (s,t)] S(s, t| a, D) dt           (A1)          
 
Here μc(s, t |a, D) is the annual mortality rate for lung cancer at age t years for persons 
of gender s, based on an annual radon exposure D from age a onwards, whilst and 
μc(s, t) is the corresponding mortality rate in the absence of these exposures.  Under 
the ERR model, it is assumed that the mortality rate at age t, y years after age a (so 
that t = a+y) is given by: 
 
𝜇𝑐 (s, t | a, D) = 𝜇𝑐 (s, t) [1 + ERR (a, y, D)]                              (A2) 
 
where μc(s, t) is the baseline mortality rate for lung cancer without radon exposure and 
ERR (a, y, D) is the excess relative risk: 
 
S(s, t| a, D) is the probability that an individual of gender s survives to age t, given 
that this person was alive at age a and based on an annual radon exposure D from age 
a onwards.  For an unexposed individual, the probability of surviving to age t is S(s, t| 
a).  Specifically,  
 
S (s, t | a, D) = exp [- ∫ 𝜇
𝑡
𝑎
 (s,x | a, D) dx]                                (A3) 
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where 𝜇 (s, t | a, D) = 𝜇c (s, t | a, D) + ∑  𝑙≠𝑐 μl (s, t)   is the mortality rate for all causes 
combined, i.e. a summation of mortality rates over the specific cancer type of interest 
and all other cancer and non-cancer causes of death.  
 
For the purposes of this work, REID was calculated using the LRC (Lifetime Risk 
Calculation) software developed within the Epidemiology Department at the PHE 
Centre for Radiation, Chemical and Environmental Hazards.  This software computes 
REID and LLE for individuals as well as for populations. 
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Table 1: Estimated excess lifetime risk of radon-induced lung cancer death (REID) in males and females up to age 75y from age 30y, based on 
lifetime exposure constant at various radon concentrations using various risk models, assuming a multiplicative model for radon and smoking. 
   
 
Lifetime Risk of Lung Cancer Death from Radon Exposure in Homes (%) 
European case-control 
residential model
a 
BEIR VI (EAC) cohort miner 
model 
European cohort miner model 
European nested case-control 
miner model 1 
European nested case-
control miner model 2 
Radon 
concentra
tion 
(Bq m
-3
) 
Exposure 
WLM/y 
Continuing 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Contin
uing 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Males                
20 0.09 0.31 0.14 0.02 0.70 0.32 0.04 0.46 0.22 0.03 0.45 0.21 0.03 0.34 0.17 0.02 
50 0.22 0.76 0.34 0.06 1.70 0.79 0.11 1.12 0.53 0.08 1.11 0.51 0.07 0.83 0.41 0.06 
80 0.35 1.20 0.55 0.08 2.68 1.25 0.17 1.77 0.84 0.12 1.75 0.82 0.11 1.32 0.64 0.09 
100 0.44 1.51 0.69 0.10 3.36 1.57 0.21 2.22 1.06 0.15 2.20 1.02 0.14 1.65 0.81 0.11 
200 0.88 2.98 1.38 0.19 6.55 3.11 0.42 4.37 2.11 0.30 4.32 2.03 0.27 3.26 1.61 0.22 
400 1.76 5.82 2.72 0.39 12.5 6.10 0.85 8.45 4.15 0.60 8.38 4.01 0.54 6.38 3.19 0.45 
600 2.64 8.53 4.05 0.58 17.9 8.97 1.27 12.3 6.14 0.90 12.2 5.94 0.81 9.35 4.74 0.67 
                 
Females                
20 0.09 0.24 0.12 0.03 0.56 0.28 0.05 0.36 0.19 0.04 0.37 0.18 0.04 0.28 0.15 0.03 
50 0.22 0.59 0.29 0.06 1.36 0.69 0.13 0.89 0.46 0.09 0.89 0.44 0.09 0.67 0.36 0.06 
80 0.35 0.94 0.46 0.10 2.16 1.09 0.21 1.40 0.73 0.14 1.41 0.70 0.14 1.07 0.56 0.10 
100 0.44 1.18 0.58 0.13 2.70 1.37 0.27 1.76 0.91 0.18 1.77 0.88 0.17 1.34 0.73 0.13 
200 0.88 2.33 1.16 0.25 5.31 2.71 0.53 3.48 1.82 0.36 3.50 1.76 0.34 2.65 1.44 0.25 
400 1.76 4.59 2.30 0.50 10.3 5.34 1.06 6.81 3.59 0.73 6.90 3.48 0.68 5.22 2.86 0.51 
600 2.64 6.79 3.43 0.75 14.93 7.88 1.58 10.00 5.33 1.08 10.10 5.17 1.02 7.71 4.26 0.76 
                 
a: Based on radon concentrations in homes occupied during previous 5-34 years (derived from Eq.5). 
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Table 2: Estimated risk (%) of radon-induced lung cancer death (REID) in males and females up to 
age 75 years from age 30 years for continuing smokers, ex-smokers from age 50 and never smokers, 
using model 2 from the European case-control miner analysis (Eq. 3b), based on a multiplicative and  
a sub-multiplicative relationship between radon exposure and smoking.   
 
 European nested case-control miner model 2 
Multiplicative
a 
Sub-multiplicative
b 
Radon 
concentration 
(Bq m
-3
) 
Continuing 
Smoker 
Never 
smoker 
Continuing 
Smoker 
Never 
smoker 
Males     
20 0.34 0.02 0.26 0.03 
50 0.83 0.06 0.62 0.08 
80 1.32 0.09 0.99 0.13 
100 1.65 0.11 1.24 0.16 
200 3.26 0.22 2.45 0.33 
400 6.38 0.45 4.79 0.65 
600 9.35 0.67 7.01 0.98 
Females     
20 0.28 0.03 0.21 0.04 
50 0.67 0.06 0.50 0.10 
80 1.07 0.10 0.80 0.15 
100 1.34 0.13 1.01 0.19 
200 2.65 0.25 1.99 0.39 
400 5.22 0.51 3.91 0.77 
600 7.71 0.76 5.78 1.16 
a: The same ERR/WLM is applied to continuing and never-smokers. 
b: Adjusted by multiplying the baseline ERR/WLM by 0.75 for continuing smokers and by 1.5 for never-
smokers. 
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Table 3: Impact of radon remediation from age 50 or 60 years on the estimated risk (%) of radon-induced lung cancer death (REID) in males up to age 75 
years, based on initial radon concentrations of 200, 400 and 600 Bq m
-3
 using various risk models and assuming a multiplicative model for radon and 
smoking. 
 
Lifetime Risk of Lung Cancer Death from Radon Exposure in Homes (%) 
 European case-control 
residential model 
BEIR VI (EAC) cohort 
miner model 
European cohort miner model 
European nested case-
control miner model 1 
European nested case-control 
miner model 2 
Initial radon 
concentration 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continuin
g 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
Continuin
g 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
200 Bq m
-3 
       (without remediation)a  
2.98 1.38 0.19 6.55 3.11 0.42 4.37 2.11 0.30 4.32 2.03 0.27 3.26 1.61 0.22 
      (with remediation from  
age 60 years) b
 2.81 1.29 0.18 6.28 2.98 0.40 4.07 1.95 0.28 4.11 1.92 0.25 3.07 1.52 0.21 
      (with remediation from  
age 50 years) c
 2.40 1.09 0.15 5.48 2.61 0.35 3.41 1.65 0.23 3.49 1.63 0.21 2.71 1.37 0.19 
 
400 Bq m
-3 
      (without remediation) 
a 
5.82 2.72 0.39 12.5 6.10 0.85 8.45 4.15 0.60 8.38 4.01 0.54 6.38 3.19 0.45 
      (with remediation from 
age 60 years) 
b 5.33 2.47 0.34 11.8 5.71 0.78 7.62 3.70 0.52 7.79 3.69 0.48 5.84 2.93 0.41 
      (with remediation from 
age 50 years) 
c 4.15 1.90 0.26 9.54 4.64 0.63 5.74 2.81 0.40 6.00 2.84 0.37 4.80 2.47 0.35 
 
600 Bq m
-3 
      (without remediation) 
a 
8.53 4.05 0.58 17.9 8.97 1.27 12.3 6.14 0.90 12.2 5.94 0.81 9.35 4.74 0.67 
     (with remediation from 
age 60 years) 
b 7.75 3.63 0.50 16.8 8.34 1.15 11.0 5.40 0.91 11.3 5.41 0.71 8.50 4.32 0.60 
      (with remediation from 
age 50 years) 
c 5.86 2.69 0.37 13.4 6.62 0.91 8.00 3.96 0.56 8.42 4.02 0.52 6.83 3.56 0.50 
a: Exposure at the same concentration up to age 75 years from 30 years; b: Exposure at the initial concentration up to age 59 years from 30 years and at 100 Bq m
-3
 from age 
60 years up to age 75 years; c: Exposure at the initial concentration up to age 49 years from 30 years and at 100 Bq m
-3
 from age 50 years up to age 75 years.  
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Table 4: Impact of radon remediation from age 50 or 60 years on the estimated risk (%) of radon-induced lung cancer death (REID) in females up to age 75 
years, based on initial radon concentrations of 200, 400 and 600 Bq m
-3
 using various risk models and assuming a multiplicative model for radon and 
smoking.  
 
Lifetime Risk of Lung Cancer Death from Radon Exposure in Homes (%) 
European case-control 
residential model 
BEIR VI (EAC) cohort 
miner model 
European cohort miner model 
European nested case-
control miner model 1 
European nested case-control 
miner model 2 
Initial radon concentration 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continuin
g 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from 
age 50 
Never 
smoker 
Continui
ng 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
Continuin
g 
smoker 
Ex-
smoker 
from  
age 50 
Never 
smoker 
200 Bq m
-3 
       (without remediation)a  
2.33 1.16 0.25 5.31 2.71 0.53 3.48 1.82 0.36 3.50 1.76 0.34 2.65 1.44 0.25 
      (with remediation from  
age 60 years) b
 2.20 1.09 0.23 5.10 2.60 0.50 3.26 1.69 0.33 3.34 1.67 0.32 2.51 1.37 0.24 
      (with remediation from  
age 50 years) c
 1.89 0.93 0.20 4.46 2.29 0.43 2.75 1.44 0.27 2.85 1.43 0.27 2.22  1.24 0.21 
 
400 Bq m
-3 
      (without remediation) 
a 
4.59 2.30 0.50 10.3 5.34 1.06 6.81 3.59 0.73 6.90 3.48 0.68 5.22 2.86 0.51 
      (with remediation from 
age 60 years) 
b 4.22 2.09 0.44 9.70 5.00 0.97 6.17 3.21 0.63 6.40 3.21 0.62 4.81 2.65 0.46 
      (with remediation from 
age 50 years) 
c 3.30 1.62 0.34 7.88 4.10 0.77 4.68 2.48 0.46 4.96 2.50 0.46 3.97 2.26 0.37 
 
600 Bq m
-3 
      (without remediation) 
a 
6.79 3.43 0.75 14.9 7.88 1.58 10.00 5.33 1.08 10.1 5.17 1.02 7.71 4.26 0.76 
     (with remediation from 
age 60 years) 
b 6.18 3.08 0.65 14.0 7.34 1.44 8.97 4.71 0.93 9.34 4.73 0.91 7.05 3.91 0.67 
      (with remediation from 
age 50 years) 
c 4.68 2.30 0.48 11.1 5.88 1.10 6.57 3.50 0.64 7.02 3.56 0.65 5.68 3.27 0.53 
a: Exposure at the same concentration up to age 75 years from 30 years; b: Exposure at the initial concentration up to age 59 years from 30 years and at 100 Bq m
-3
 from age 
60 years up to age 75 years; c: Exposure at the initial concentration up to age 49 years from 30 years and at 100 Bq m
-3
 from age 50 years up to age 75 years.
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Figure 1: Lung cancer risk from age 30 y up to age 75y, based on lifetime exposure constant 
at various radon concentrations models, assuming a multiplicative model for radon and 
smoking. 
 
